Introduction
============

In the past few years, an age-dependent decline in muscle mass and strength and/or function has been classified as a distinct clinical phenotype referred to as sarcopenia.[@b1] The cause of sarcopenia is multi-factorial and is therefore hard to discern, because many affected patients exhibit several of these morbidities at the same time.[@b2] Possible underlying mechanisms are (i) disuse, (ii) altered endocrine function, (iii) chronic diseases, inflammation, (iv) insulin resistance, and (v) malnutrition.[@b3]--[@b6] While young adults possess up to 50% of the total body weight as muscle mass, approximately half of this muscle tissue is lost during ageing. The decline in muscle is accompanied by an increase in fat mass, particularly visceral fat.[@b7] Moreover, obesity has been shown to be associated with a functional decline in older adults.[@b8],[@b4] Consequently, the coincidence of sarcopenia and obesity results in super-additive functional impairments than that observed in either low muscle mass or high fat mass alone.[@b9] However, there are conflicting epidemiological data regarding the gender-specific prevalence rates of sarcopenic obesity in humans, depending on the definition of obesity used, ranging from 4.4 to 84.0% in men and 3.6 to 94.0% in women.[@b10]

Hence, it has been speculated that there is a direct molecular mechanism linking fat and muscle.[@b11] Consequently, excretion of pro-inflammatory cytokines like interleukine 6 (IL-6), tumour necrosis factor α (TNFα) and monocyte chemotactic protein-1 by adipocytes and---to an even greater extent---proadipocytes could play an important role.[@b12] These 'geriatric cytokines' have been linked to decreased muscle mass and strength.[@b13] In addition to clinical, observational studies, TNFα has been shown to induce apoptosis in muscle cells *in vitro*.[@b14] Furthermore, an excess of fatty acids can directly induce apoptosis in several organs, including the liver, heart, and pancreas.[@b15],[@b16] Normally, fatty acids are mainly stored in adipocytes, but, in the case of a chronic overload with dietary triglycerides, they spill over and are enriched in other tissues. If there is no compensation by improved oxidative capacity, fatty acid derivates such as diacylglycerol, long chain acyl coenzyme A, and ceramide accumulate in the myofibres.[@b17] Ultimately, this process leads to apoptosis induction in cultured myofibres.[@b18] Moreover, the regeneration capacity of the myofibres is blunted because of exhaustion of muscular stem cells.[@b19]. As a result of lipotoxicity, these so-called satellite cells dys-differentiate into mesenchymal adipocyte-like default cells (MAD cells), which express typical genes of fat tissue such as peroxisome proliferator-activated receptor-γ.[@b20] Consequently, loss of myonuclei cannot be compensated. In recent years, anabolic build-up of muscular structure protein has been shown to be deregulated by a high fat diet. Thereby, the energy sensing Akt pathway was altered, together with its downstream effectors S6K1 and 4E-BP1, which directly modulate protein translation.[@b21] In addition to synthesis, proteasomal decay is a major contributor to net muscular protein turnover. The E3 ubiquitin ligases MURF1 and MAFbx, in particular, are responsible for the breakdown of proteins of the myotube and the reuse of the liberated amino acids for new protein synthesis or energy production.[@b22] It should be noted that there are enormous differences in lipid storage between the two genders, leading to higher susceptibility for the lipotoxic effects reported in male subjects.[@b23]

We recently demonstrated that a chronically high fat diet (45 energy% provided by fat) resulted in a decreased cross-sectional area (CSA) of the quadriceps muscle of male Sprague--Dawley rats compared with littermates receiving standard rodent chow. The muscular degeneration was present on the occasion of the first magnetic resonance (MR) examination of the animals after 10 months of high-fat feeding.[@b24] Therefore, in the present study, we used female Sprague--Dawley rats to reveal gender-specific effects of the high fat diet. Muscular development was non-invasively monitored using MR at four time points to elucidate the early onset of muscular atrophy.

Materials and methods
=====================

Animals and dietary procedure
-----------------------------

Thirty-six male and forty-two female Sprague--Dawley rats were purchased (from Janvier Labs, Le Genest-Saint-Isle, France) at the age of 6 months and included in the study, without further selection or conditioning. The male rats were randomly subdivided into two groups receiving either a high-fat diet (HFD) \[male HFD (mHFD); *n* = 18; 43 energy% of neutral fat, based on lard and corn oil\] or a control diet (CD) \[male CD (mCD); *n* = 18; 25 energy% of neutral fat\] (Altromin, Lage, Germany). In contrast, female rats were alternatively assigned to the female HFD (fHFD; same composition as for the male rats) or the control group (female CD (fCD); 10 energy% of neutral fat) depending on body weight. While contents of protein and essential micronutrients were very similar in all diets, the higher fat content of the HFD was compensated for by a lower carbohydrate content to achieve comparable energy density. All rats were given ad libitum access to water and food. They were housed in groups of three rats per cage at a constant room temperature of 20°C and on a 12 h light--dark cycle until the end of the experiment. Only animals that survived the whole study period without obvious tumours were analysed. Therefore, all experiments presented in this publication were conducted with 6 mHFD, 12 mCD, 6 fHFD, and 5 fCD rats. All animal procedures were approved by the local animal rights committee in accordance with the German Law on Animal Protection.

Magnetic resonance examination
------------------------------

Magnetic resonance examinations including morphometric imaging and MR spectroscopy were performed at 16 and 21 months of age for both genders using an identical protocol for all animals. The female rats were additionally analysed at 7 and 12 months of age. The body weight of the animals was measured shortly before the MR examination for optimal dosage of the narcotic medication. Intraperitoneal injection of pentobarbital (Narcoren®, Merial, Hallbergmoos, Germany) was used for inducing anaesthesia. During the MR examination, the animals were provided with oxygen via a mask, and cooling was prevented with a blanket. MR was performed on a 1.5 T clinical scanner (Magnetom Avanto, Siemens Healthcare, Erlangen, Germany) using an 8-channel array coil designed for human knee examinations. To ensure the reproducibility of measurements, the hind-limbs were extended backwards. T1-weighted spin echo (SE) sequences were applied to image the quadriceps muscles of both hind-limbs in longitudinal and transverse orientation (voxel size: 0.4 × 0.4 × 2.0 mm). T1-weighted SE images of both hind-limbs, perpendicular to the long axis of the muscle, were used for determination of the maximum CSA of the quadriceps.[@b24] MR spectra were post-processed using the software package offered by the vendor: processing included subtraction of the water signal (when applicable), Fourier transformation, Hanning filtering with a width of 700 ms, zero filling a measured vector from a length of 1024 to a length of 2048, base line correction (6th polynome order), curve fitting, and manual phase correction for all spectra. Relative lipid content was calculated as 'lipid fraction' = \[magnetic resonance spectroscopy (MRS)~lipids~/(MRS~lipids~ + MRS~water~)\] \* 100 with MRS~water~ being the area under the water signal in the spectrum recorded without water suppression, and MRS~lipids~ as the integral signal taking into account all lipid signal contributions between 0.9 and 1.6 ppm and between 1.9 and 2.6 ppm.

Ex vivo examinations
--------------------

Between 21 (male) and 22 (female) months of age, all surviving animals were sacrificed and the *M. vastus lateralis* was isolated and stored frozen at −80°C.

For lysis, 50 mg of the muscle was sonicated in 500 μL ice-cold radio-immuno-precipitation assay buffer \[RIPA buffer: 20 mM Tris--HCl, 150 mM NaCl, 1% (vol/vol) NP-40, 1% (wt/vol) sodium deoxycholate, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate 1 mM β-glycerophosphate, 1 mM sodium vanadate, 1 µg/mL leupeptin; pH 7.5), and the debris was removed by centrifugation (10 000 *g* for 2 min). For each sample, 30 µg total protein from the remaining supernatants was used for SDS-PAGE analysis. After activation of the stain-free gels (BioRad, Hercules, CA, USA) with ultaviolet, total protein content on the western blot was used for normalization of the densitometric data. For immuno-detection, the following primary antibodies were used: Ser^473^P-Akt / total Akt, total S6K1 (p70 ribosomal protein S6 kinase 1), Ser^65^P-4E-BP1 / total 4E-BP1 (eukaryotic initiation factor 4E binding protein 1), Ser^240/244^P-rpS6 / total rpS6 (ribosomal protein S6), Atrogin/MAFbx (Muscle atrophy F box), MURF-1 (Muscle RING Finger-1), and Caspase 3 (all Santa Cruz Biotechnology Inc., Dallas, TX, USA). After incubation with the secondary antibodies (anti-mouse horseradish peroxidase-conjugated (HRP), anti-rabbit HRP-conjugated; both from Santa Cruz Biotechnology Inc.) for 2 h luminescence was measured with a gel-imaging system (BioRad). For densitometric evaluation of all female rats one arbitrary chosen animal was run on every gel.

A part of the vastus lateralis was partially fixed in 10% neutral buffered formaldehyde, embedded in paraffin, and cut in 5 µm sections. In haematoxylin-eosin (HE) stained sections, 400 ± 10% myofibres of each animal were analysed. All fibres were counted as being centrally nucleated that contained at least one nucleus that was not associated with the sarcolemma. For the determination of the muscle fibres, CSA200 ± 10% myofibres per animal were manually outlined using the analySIS® Image Processing software (Soft Imaging System GmbH, Muenster, Germany).

Statistical analysis
--------------------

Statistical analysis was performed using SPSS 22.0 (IBM SPSS Statistics, Armonk, NY, USA). All data are given as mean ± standard deviation (SD). For all MRI data, results for the right and left legs were averaged. Kolmogorov--Smirnov test was used to test the normal distribution of data, and homogeneity of variances was confirmed by Levene\'s test. Depending on the results of these tests, either two-sided, unpaired *t*-testing, Welch test or the Mann--Whitney *U* test were applied for analysis of the data. *P* \< 0.05 was regarded as statistically significant. The male and female rats were not statistically compared, because there were some differences between these two sub-studies (e.g. content of fat in the control diet). Pearson\'s product--moment correlation coefficient was used to analyse the linear correlation between two variables.

Results
=======

Development of cross-sectional area and body weight during ageing
-----------------------------------------------------------------

Recently, we reported that male Sprague--Dawley rats receiving an HFD for 10 months have a significantly lower quadriceps CSA than littermates receiving a control diet.[@b24] Therefore, we raised the question of whether the same holds true for female Sprague--Dawley rats. Baseline (7 months of age) and subsequent (12 months and 16 months of age) MR examinations revealed no significant effect of the HFD \[female HFD (fHFD\] compared with the control group (fCD) (*P* = 0.74; *P* = 0.12; *P* = 0.68, respectively). On the other hand, at 21 months of age, the CSA was even elevated in the fHFD group compared with the fCD (fCD: 1.12 cm^2^; fHFD: 1.20 cm^2^; *P* \< 0.05). This higher CSA of the animals receiving HFD could not be explained by accumulation of intramuscular fat because the lipid fraction measured by MR was comparable between both dietary groups at all analysed time points (See Supporting Information, *Figure* S[1](#fig01){ref-type="fig"}1a). The fHFD animals exhibited a relatively stable quadriceps CSA until 16 months of age. In contrast, the fCD group had its maximum mean CSA at the age of 6 months, which decreased slightly in the following year (*Figure*[1A](#fig01){ref-type="fig"}). The female animals revealed a highly significant decline in CSA between 16 and 21 months of age, irrespective of diet (multivariate test: age effect *P* \< 0.001; age \* diet interaction *P* = 0.35). MR images of one representative fHFD animal at all four time points are depicted in *Figure*[1B](#fig01){ref-type="fig"}. Remarkably, in a recent publication, we showed that mHFD rats had a significant lower CSA than the mCD group at 16 months of age, while the muscular decline shown by these two groups exhibited no difference during the last 5 months of the study.[@b24] However, the muscular atrophy was about four times higher in male than in female rats (22% vs. 5%, *P* \< 0.01), with a higher variance within both dietary groups (*Figure*  S[1B](#fig01){ref-type="fig"}). Therefore, we posed the question of how these observed muscular changes during lifetime could be connected with the development of total body weight. Male rats showed a very similar weight development irrespective of their diet. In contrast, female rats who received an HFD gained more weight during their lifetime than those maintained on standard diet (*Figure*[1C](#fig01){ref-type="fig"}). The weight difference became significant at 21 months of age (450 g fCD vs. 555 g fHFD; *P* \< 0.05). Therefore, we hypothesize that the gain in muscle seen in female rats was caused by the training effect of increased body weight.[@b25] For analysis of the interrelationship between muscle CSA and total body weight, all female rats---irrespective of diet---were considered together as one group. In so doing, a close positive correlation was found between weight gain and increment of the CSA, as well between 7 and 12 months of age (*r* = 0.62; *P* \< 0.05) as between 12 and 16 months of age (*r* = 0.75; *P* \< 0.01). However, this anabolic effect was strictly blunted in the older animals (16--21 months of age) exhibiting a net decrease in muscle diameter of all female rats (*r* = 0.35; *P* = 0.29) (*Figure*[1D](#fig01){ref-type="fig"}).

![Weight and cross-sectional area (CSA) development of the rats. (A) Mean CSA of the female rats during the study. The first measurement at 7 months of age was performed before the rats were divided into the control (black circles) and high-fat diet (HFD) (grey open circles) groups. At 21 months of age, the female HFD (fHFD) group showed a significantly higher CSA than the female control diet (fCD) group. (B) Representative images of the quadriceps muscle of one fHFD rat at 7, 12, 16, and 21 months of age. (C) Development of body weight of male CD (black squares and solid line), male HFD (grey, open squares, and solid lines), fCD (black circles and dashed line) and fHFD (grey open circles and dashed line). While the body mass of the male animals reached a plateau at 12 months, the weight of the female rats increased throughout the whole lifetime. Only the fHFD group at 21 months of age was significantly heavier than the age-matched fCD group. (D) Correlation between total body weight gain and CSA changes between two magnetic resonance (MR) measurements of all female animals. Between 7--12 and 12--16 months of age, CSA was significantly correlated with increased body mass. This relationship was abolished between 16 and 21 months of age. Only animals that survived the whole study period were analysed. All data are presented as mean ± SD. \* Significant difference between dietary groups within gender.](jcsm0006-0181-f1){#fig01}

Expression and activity of regulators of anabolic muscular protein expression
-----------------------------------------------------------------------------

We wanted to elucidate a possible direct effect of excess dietary fatty acids on anabolism. One major contributor to muscular protein build up is Akt, which leads to inactivation of the translational repressor 4E-BP1 and stimulation of translational activity of rP S6 by phosphorylation. However, this pathway is influenced by other multiple factors such as AMPK or availability of essential amino acids.[@b22] Therefore, we decided to analyse several members of this pathway and their phosphorylation status, in order to obtain a more comprehensive overview of muscular transcription. In *Figure*[2A](#fig02){ref-type="fig"}, exemplary western blots of Akt, 4E-BP1, S6K1, and rP S6 of the female rats are shown. Densitometric analysis of all female rats is summarized in *Figure*[2B](#fig02){ref-type="fig"}. There were no significant changes detectable between the dietary groups. The HFD neither changed the total protein content nor changed the phosphorylation status of the proteins analysed.

![Effects of a long-term high-fat diet (HFD) on regulators of muscular protein biosynthesis in female rats. (A) Protein-lysates of the *M. vastus lateralis* dexter of female rats were used for immunoblot analysis of total cellular protein level of Akt, 4E-BP1, S6K1, rP S6, and GAPDH (glyceraldehyde 3-phosphate dehydrogenase). Additionally, the phosphorylated forms (Ser^473^P-Akt, Ser^65^P-4E-BP1, and Ser^240/244^P-rpS6) were measured. For comparison, GAPDH, as a house-keeper, is added. Representative blots are shown. (B) Densitometric analysis of the immunoblots of all female animals that survived the whole study period (female CD: *n* = 5, black bars; female HFD:  = 6, grey bars). There were no significant changes detectable between the two dietary groups. Intensity of the bands was normalized to total protein content on the western blot membrane using the Stain-Free™ gel system (BioRad). All data are presented as mean ± SD.](jcsm0006-0181-f2){#fig02}

Recently, we were able to demonstrate that the metabolic de-regulation because of an excess of fat could lead to a downshift of the Akt pathway in male Wistar rats.[@b21] Therefore, the male Sprague--Dawley rats were analysed using the same parameters and standardizations as described earlier (*Figure*[3A](#fig03){ref-type="fig"}). Like the females, the males showed no significant changes between the dietary groups except for a higher phosphorylation of Akt. However, this effect was quite minor and did not result in enhanced phosphorylation of its downstream effectors (*Figure*[3B](#fig03){ref-type="fig"}).

![Effects of a long-term high-fat diet (HFD) on regulators of muscular protein biosynthesis in male rats. (A) *M. vastus lateralis* dexter of male rats was lysed and analysed by immunoblotting. Representative blots of total cellular protein level of Akt, 4E-BP1, S6K1, rP S6, and GAPDH and additionally of the phosphorylated forms (Ser^473^P-Akt, Ser^65^P-4E-BP1, and Ser^240/244^P-rpS6) are shown. (B) Densitometric analysis of the immunoblots of all male animals that survived the whole study period (male control diet (CD): *n* = 12, black bars; male HFD: *n* = 7, grey bars). The total protein contents of all analysed regulators did not differ between the CD and the HFD group. Ser^473^P-Akt was significantly elevated in the HFD group. However, Ser^65^P-4E-BP1 and Ser^240/244^P-rpS6, which are the downstream effectors of P-Akt, revealed no difference between the dietary groups Total protein content on the western blot membrane, measured by the Stain-Free™ gel system (BioRad), was used for normalization. All data are presented as mean ± SD. \* Significant difference between dietary groups.](jcsm0006-0181-f3){#fig03}

Regulation of proteasomal muscle protein decay, myonuclei regeneration, and apoptosis
-------------------------------------------------------------------------------------

Apart from the anabolic protein build-up, muscular turnover is influenced by the two E3 ubiquitin ligases MuRF-1 and MAFbx.[@b26] Accordingly, we analysed these two proteins with western blotting (*Figure*[4A](#fig04){ref-type="fig"}). MuRF-1 was only slightly expressed, and there were no significant changes detectable between control and HFD groups for male or female animals (*Figure*[4B](#fig04){ref-type="fig"}). In female rats, MAFbx exhibits only low levels, with no differences apparent between the diets. One male rat showed a strong induction of MAFbx expression compared with its littermates. However, the rest of the mHFD group showed very similar results to the mCD group (*Figure*[4B](#fig04){ref-type="fig"}).

![Influence of chronically high-fat diet (HFD) on proteasomal protein decay and muscular regeneration. (A) Expression of the two ubiquitin ligases MAFbx and MuRF-1 in the *M. vastus lateralis* was visualized with immunoblotting. Most of the animals showed no or only little expression of MAFbx, albeit some rats showed a strong induction of this ligase. MuRF-1 protein levels differed only slightly in females, while male rats showed greater inter-individual variance. (B) Mean expressions of MAFbx and MURF-1 were determined by densitometric analysis. The control group of each gender was arbitrary set as 100. There were no significant differences detectable between the high-fat and the control diet group. Mean normalized protein level + SD is shown in the diagram. (C) Paraffin-embedded sections of the quadriceps muscle were haematoxylin-eosin stained. About 400 fibres of each animal were evaluated and those with at least one nucleus, which was not located at the sarcolemma, were counted as centrally nucleated. Exemplary pictures of each gender and dietary group are shown, and small arrows mark centrally located nuclei. (D) Statistical analysis of histology of all animals (male CD: *n* = 4; male HFD: *n* = 8; female CD: *n* = 4; female HFD: *n* = 5). Mean percent of centrally nucleated fibres per total number of myofibres + SD is depicted. While male rats receiving an HFD had a significantly greater number of regenerated fibres, there were no differences between the dietary groups amongst the female rats. \* Significant difference between dietary groups.](jcsm0006-0181-f4){#fig04}

Muscular regeneration and anabolic build-up are also enhanced by the fusion of precursor cells--- satellite cells---with existing or newly formed myofibres. This process leads to myofibres with centrally located nuclei that are even detectable 14 days after fusion.[@b27] Consequently, we analysed haematoxylin-eosin stained sections of the rats tibialis anterior muscle for signs of regeneration processes (*Figure*[4C](#fig04){ref-type="fig"}). Four hundred ± 10% myofibres were counted, and the amount of centrally nucleated fibres per total number of analysed myofibres was calculated (*Figure*[4D](#fig04){ref-type="fig"}). In so doing, mHFD animals displayed a significantly higher portion of centrally nucleated fibres compared with the mCD (4.5% mCD vs. 7.3% mHFD; *P* \< 0.05). In contrast, there were no significant differences between the two dietary groups of female rats (6.6% fCD vs. 4.0% fHFD; *P* = 0.3).

Therefore, we wondered if the decreased muscle CSA in the male HFD group was caused by loss of muscle fibres or by atrophy of the CSA of the muscle fibres. Four hundred ± 10% myofibres per animal were manually outlined to measure the mean fibre CSA (male CD: *n* = 4; male HFD: *n* = 8; female CD: *n* = 4; female HFD: *n* = 5). The fibre CSA of the high fat diet groups tended to be lower in both genders but these differences were not statistically significant (male CD: 5378 µm^2^ vs. male HFD: 4383 µm^2^, *P* = 0.38; female CD: 3974 µm^2^ vs. female HFD: 2799 µm^2^, *P* = 0.08; *Figure* S[2](#fig02){ref-type="fig"}). Hence, it could be speculated that a chronical high fat diet rather leads to loss of muscle fibres---possibly through apoptotic processes.

Fatty acids have been shown to induce apoptosis in the skeletal muscle of obese rats.[@b28] Therefore, we analysed the amount of cleaved Caspase 3, as a marker of apoptosis. While all female rats showed only very low levels of cleaved Caspase 3, there were some male rats that showed strong induction of Caspase 3 activation (*Figure*[5A](#fig05){ref-type="fig"}). The HFD did not lead to an increase of this pro-apoptotic process in either gender when compared with the CD group (*Figure*[5B](#fig05){ref-type="fig"}). However, activation of Caspase 3 was the only factor analysed in the male rats that correlated with the decline in quadriceps CSA between 16 and 21 months of age (τ = 0.44; *P* \< 0.05). We were not able to detect a correlation between loss of muscle mass between 16 and 22 months of age and the biochemical and histological parameters measured in this project in female rats.

![Apoptose induction in skeletal muscle of aged rats. (A) Total protein level of Pro-Caspase 3 and cleaved Caspase 3 was measured using immunoblotting. Female rats had no or very low amounts of activated Caspase 3. In contrast, nearly all male rats exhibited a certain level of cleaved Caspase 3, and some animals showed strong apoptosis induction. (B) Summary of the densitometric analysis of the cleaved Caspase 3. Male rats showed considerable apoptose induction, whereas females had low levels of cleaved Caspase 3. Differences between dietary groups were not significant for both genders. Data are presented as mean + SD.](jcsm0006-0181-f5){#fig05}

Discussion
==========

In a very recent study, we were able to establish that a diet with an elevated amount of fat could lead to loss of muscle mass, even in the absence of obesity.[@b24] Following this initial morphometric MR analyses in male Sprague--Dawley rats, the present study was intended to focus on potential molecular pathology. In addition, the study was extended to female rats to elucidate gender-specific adaption to an excess of dietary fat. We found that feeding female rats with chronically high fat even elevates quadriceps CSA compared with animals receiving standard rodent chow. This result is in sharp contrast to muscle loss in male rats because of an excess of dietary fatty acids.[@b21],[@b29] We hypothesize that this gender-dependent effect could be explained by the training effect of the higher body mass, because weight and CSA gain were correlated until 16 months of age. Consistent with that finding, 12 weeks of high fat feeding has been shown to increase muscle fibre area in young mice.[@b18] In human subjects, several studies were also able to detect a larger diameter of type II fibres in obese adults.[@b30],[@b31] This gain in muscle mass due to elevated body weight has been linked to the 'obesity paradox', which predicts a better outcome for obese people with chronic diseases compared with those with a normal weight.[@b32],[@b33] However, anabolic resistance increases throughout the later stages of life [@b34] blunting the training effect after 18 months of age in the female rats with our model. In contrast, the male Sprague--Dawley rats used in this study showed similar total body weight, irrespective of diet, abolishing the anabolic stimuli seen in the female rats. Concordant with this, male rats without a static phase of obesity showed an elevated basal fractional protein synthesis rate compared with their lean littermates.[@b29] In addition, there are strong gender-dependent differences in the regional distribution and physiology of fat storage in rats, as well as humans.[@b23],[@b35] Female rats receiving an HFD exhibit higher weight gain but lower insulin resistance and a better capacity to counteract the fat-induced muscular damage compared with their male littermates.[@b36] Therefore, the lack of a static phase of obesity in female rodents seems to offer protection against lipotoxicity by preventing a spill-over of fatty acids from adipocytes to other tissues.[@b37]

The old rats in our model did not exhibit significant changes in the anabolic Akt pathway, apart from an increased stimulation of Akt in male rats. Nevertheless, this elevated phosphorylation did not lead to activation of its downstream effectors. Taken together, advanced age and a static body weight seem to level differences in the Akt pathway evoked by diet and/or obesity.

Even though the CSA of both genders significantly declined between 16 and 21 months of age, males lost about four times more muscle than the females. On the other hand, decline in muscle area at this stage of life was independent of diet. Therefore, we speculate that, in mature rats, ageing processes override the effects of HFD. Consequently, male subjects are more prone to losing much muscle mass than females, as has also been demonstrated for human seniors.[@b38],[@b39]

Muscle size is controlled by proteasomal degradation processes mediated by the two ubiquitin ligases MAFbx and MuRF1, in rodents as well as humans.[@b40],[@b41] Both ligases have been shown to increase during ageing, leading to atrophy.[@b26] While MuRF1 primarily acts on the proteasomal decay of muscular structure proteins, MAFbx regulates protein transcription by degrading MyoD and eIF3-f.[@b42],[@b43] In contrast to a study with overweight Wistar rats, we were not able to detect a significant elevation in MuRF1 protein content because of the HFD.[@b28] However, while the diets used in our study contained similar amounts of protein, the overfed rats used by Sishi *et al.* received only 60% of the protein received by the control group. Therefore, the activation of MuRF1 in this study could possibly be because of dietary amino acid deficiency.[@b28] MafBX did not seem to influence muscle loss, because neither its cellular level nor the phosphorylation status of its downstream effector rpS6 were altered by the HFD. However, in our study, the concentrations of MafBX and MuRF1 were only measured at 21 months of age. Therefore, we could not exclude that these regulators of the proteasomal decay are upregulated during ageing as proposed by others.[@b44] Consistent with that, there were no significant changes detectable between the mean fibre CSA of the dietary groups in both genders. Taken together, muscular protein build-up and degradation is apparently balanced after chronic fat overload in our animal model.

Following injury of muscle fibres by trauma or eccentric contractions, satellite cells were unable to repair the damage.[@b45] This could result from either fusion of these progenitor cells to form new myofibres or by enhancement of the number of nuclei of existing myofibres. Newly added myonuclei could be detected histologically, as they are often located centrally in the myofibre.[@b27] However, several studies have suggested that the regenerative capacity of these satellite cells declines during ageing.[@b19] In addition, chronic overload of fatty acids leads to dys-differentiation of the progenitor cells to MAD cells. These MAD cells express typical marker gens of adipocytes and increase the amount of inter-muscular adipose tissue.[@b20] In our histological experiments, the HFD even amplified the number of centrally nucleated fibres, which points to a stable regeneration capacity of the satellite cells. On the other hand, there has to be an inductor for satellite cell activation. In the last few years, it has been shown that obesity leads to elevated blood levels of several pro-inflammatory proteins, such as IL-6, TNFα, and MCP-1.[@b12] TNFα excreted by adipose tissue, in particular, appears to induce apoptosis in muscle cells.[@b14] In addition, accumulation of fatty acids and their derivatives in non-adipose tissues results in metabolic imbalances and ultimately cell death.[@b16] Acute elevation of fatty acids results in apoptosis induction *in vivo* as well as in cultured myofibres.[@b18],[@b46] However, we did not find elevation of activated Caspase 3 as an apoptosis marker because of chronical fatty acid overload. This finding is supported by another study that also failed to demonstrate apoptosis induction because of an HFD.[@b18] Therefore, we could not link the increased regeneration processes of the high-fat fed animals to apoptotic loss of nuclei. Perhaps this may be explained by the fact that centrally nucleated fibres exhibit the accumulated regeneration process for a longer time, while acute apoptosis induction is a highly variable process in terms of time. On the other hand, oxidative stress due to fatty acid overload might lower gene transcription and translation,[@b47] leading to activation of satellite cells as compensation. However, we did not detect an anabolic response, like up-regulation of the protein levels of members of the Akt pathway nor a hypertrophy of the muscle fibre CSA, which would explain the increased number of centrally nucleated fibres in the male HFD group.

Surprisingly, in male rats, we found an approximately two times higher level of cleaved Caspase 3 than in the female animals, irrespective of the fat content of the diet. Consistent with this finding, male rats showed a good correlation between the level of cleaved Caspase 3 and the decline in CSA between 16 and 21 months of age, which was not apparent in the female rats. Therefore, it could be speculated that male rats are more prone to apoptosis induction. In line with this, other studies have also reported a high impact of apoptosis on the decline in muscle mass during ageing.[@b48],[@b49]

This study has some limitations, which have to be addressed in future investigations. Firstly, the control diet for the male and female rats differed in terms of fat content (25 energy% vs. 10 energy% of neutral fat). In addition, the male rats were not measured with MR imaging during early adulthood. Hence, it is not possible to conclude that the HFD prevents anabolic build-up of muscle or whether it leads to premature atrophy during ageing in male rats. Based on this information, the optimal month for the re-evaluation of the impact of an excess of dietary fats on the Akt pathway should be determined. The protective effect of the HFD on female rats is possibly caused by the lack of a menopause in this animal model. Several publications point to the relationship between development of sarcopenia and hormonal changes because of menopause in human subjects.[@b50]--[@b52] Therefore, it would be of great interest to investigate whether induction of menopause in female rats would alter the result for the muscular development.

Conclusion
==========

Loss of muscle CSA because of a chronically HFD seems to be limited to male rats. In contrast, female rats showed even a higher CSA in those animals receiving more dietary fat, possibly as a result of the training effect of greater body weight. Neither the anabolic Akt pathway nor the ubiquitin-dependent protein degradation could be linked to diet-induced muscle decline. However, we were able to demonstrate an elevated tendency for regeneration processes caused by the HFD in male rats. The lack of deregulation could be explained by the overwhelming age-dependent apoptosis induction in male rats that was independent of the dietary regimen.
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